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The presence of a functional tricarboxylic acid cycle
in representatives of the major groups of eumycetes is now
accepted (Niederpruem, 1965). A search of the literature
reveals, but fails to present a detailed systematic
investigation of the tricarboxylic acid cycle in any one
species of Ascomycetous fungi. There is also a lack of
agreement concerning the role of this cyclic process in
fungal metabolism (Strauss, 1954).
Ghiretti and Barron (1954) suggested that for the
demonstration of metabolic pathways, three criteria must
be satisfied; (1) a demonstration of substrate utilization,
(2) the detection of the intermediates after the addition
of the substrate, and (3) detection of participating cell-
free extracts. Hunter (1960) indicates that the results
from studies utilizing more than one of the above criteria
can be considered as evidence for or against a specific
metabolic pathway.
Many attempts to elucidate metabolic pathways in
heterothallic Ascomycetes have been reported (Niederpruem,
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1965). No such investigation has been reported for the
five homothallic Ascomycetes listed by Frederick ^ ,
(1969).
Since there is doubt concerning the role of the
tricarboxylic acid cycle in fungal metabolism, and lack
of information concerning the metabolism of homothallic
Ascomycetes, this study was undertaken. The purpose of
this work was to systematically investigate the aerobic
metabolism of Neurospora lineolata, a homothallic strain.
CHAPTER II
REVIEW OF LITERATURE
Early interest concerning the intermediate stages of
carbohydrate oxidation stemmed largely from animal studies
(Niederpruem, 1965). Niederpruem (1965) cites that the
works of Thunberg in 1920 and, Krebs and Johnson in 1937
established respectively, oxidative processes and suggestive
evidence of a cyclic mechanism for biological oxidation.
Presently, it is generally accepted that the tricarboxylic
acid cycle is common to most plants and animals. There exist
many doubts that the tricarboxylic acid cycle represents the
main oxidative pathway in fungi.
Niederpruem (1965) reports that in 1919 Raistrick and
Clark cited a particular group of fungi, named by Wehmer,
Citromyces, because they produced citric acid from
carbohydrates. Cochrane (1958) reports that certain fungi
formed considerable amounts of the organic acids of the
tricarboxylic acid cycle.
Ramakrishnan and Martin, (1955) and Neilson (1956)
interpreted this kind of data to mean an interruption of a
cyclic process, rather than an operative tricarboxylic acid
cycle. Ghiretti and Barron (1954) and Beevers ^ ^1. (1952)
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suggested that the discrepancies were probably due to the
nature of the fungus and the futility of the earlier workers'
techniques.
Investigators in the last two decades have been
successful in demonstrating the occurrence of tricarboxylic
acid cycle reactions in heterothallic ascomycetes. Racker
(1950) describing spectrophotometric methods for measuring
the enzymatic formation and disappearance of fumaric and
cis-aconitic acids, utilized baker's yeast, Saccharomyces
cerevisiae. He demonstrated the presence of fumarase and
cis-aconitase. Shepherd (1951) demonstrated succinic oxidase
in Neurospora crassa. Haskins ^ a^. (1953) reported similar
results in Neurospora crassa and also indicated the presence
of cytochrome oxidase.
Krebs ^ (1952) utilizing isotopic techniques
demonstrated an operative tricarboxylic acid cycle in yeast
cells, but suggested that it was not the main route of
oxidation. Mickelson and Schuler (1953) demonstrated the
oxidation of alpha-ketoglutaric and citric acid by intact
cells of Ashbya gossypii. This suggested the operation of a
tricarboxylic acid cycle rather than a C2 to C4 condensation.
Cheng (1954) reported that a cytochrome system was the
terminal oxidase in Neurospora tetrasperma.
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Neurospora lineolata, a homothallic strain, isolated
from West Pakistanian soil (Frederick ^ al., 1969) was
utilized throughout this investigation. A single spore
isolate was obtained on Difco Bacto corn meal agar, and
stock cultures of the isolate were maintained on Difco potato
dextrose agar according to Frederick ^ a^., (1969).
Experimental mycelia grown in liquid culture (Westergaard
and Mitchell, 1947) supplemented with either 0.044 M sucrose
or 0.044 M acetate were utilized in this investigation. Small
mycelial plugs from potato dextrose agar stock cultures were
grown at 140 shake cycles per minute for 48 hours; temp.
26 + 1 C.
Mycelia were harvested by suction-filtration and washed
twice with Westergaard-Mitchell minimal medium. The
resulting mycelial mat was placed in 40 ml of minimal medium
and resuspended with a Sorvall Omni-Mixer 17150 at a setting
of 4.5. The mycelial suspension was then shaken for 24
hours in 100 ml of minimal medium. Intact mycelia were
reharvested by suction-filtration and resuspended in 35 ml
to 40 ml of minimal medium. The direct method of Warburg
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(Uiribreit et al., 1964) was utilized for the measurement of
oxygen consumption. Protein content was measured by either
the method of Lowry ^ a^. (1951) or Layne (1957) .
Mycelial extracts were prepared by the method of
Mcllwain (1948). Suction-filtered pads were ground by hand
with twice their volume of Sigma alumina 305 in a cold mortar
for 3 to 4 minutes, extracted with the appropriate buffer or
distilled water. The crude extract was centrifuged for 10
minutes at 10,300 X g in a Lourdes Refrigerated Centrifuge,
at 2 C to remove the cellular debris and alumina. Sucrose
grown mycelial extracts were used in all enzyme assays.
Assay components and detailed procedures are included in
the legends accompanying figures or tables. The activities
of aconitase, E.C.4.2.1.3 and furaarase, E.C.4.2.1.2 (Racker,
1950), nicotinamide adenine dinucleotide (NAD)-linked
isocitrate dehydrogenase, E.C.l.1.1.4.1 (Kornberg and
Pricer, 1951), malate dehydrogenase E.C.l.1.1.37 (Ochoa,
1955), isocitrate lyase, E.C.4.1.3.2 (Dixon and Kornberg,
1959), citrate synthetase E.C.4.1.3.7 and malate synthetase
E.C.4.1.3.2 (Flavell and Fincham, 1968) were determined
spectrophotometrically, utilizing a Beckman DB-G recording
spectrophotometer.
Chemicals were obtained commercially from Eastman
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Preliminary respirometric studies indicated high
endogenous respiration rates in intact mycelia. The
endogenous respiration level was significantly reduced by
shaking the mycelia in minimal medium for 24 hours.
Sixteen exogenous substrates were tested for the effect
on respiration of sucrose or acetate grown mycelia at pH 6.5.
The data (Table 1) indicate that of the tricarboxylic acid
cycle intermediates, only fumaric acid was stimulatory. It
was interesting to note that certain amino acids (alanine,
glutamic acid and aspartic acid) were stimulatory. Sodium
pyruvate was questionable as a stimulatory agent, and sodium
acetate was non-stimulatory. Sucrose and maltose were also
non-stimulatory.
Results presented in Table 2 indicate that tricarboxylic
acid cycle intermediates, citric acid, isocitrate, alpha-
ketoglutaric acid and fumaric acid were stimulatory. Malate
and oxalacetic acid were questionable as stimulatory
substrates. Of the amino acids tested alanine, glutamic
acid and aspartic acid were stimulatory. Also, sodium
acetate was stimulatory. Among the carbohydrates tested.
9
10
only maltose was stimulatory.
Fig. 1 shows the activity of citrate synthetase. This
enzyme mediates the formation of citrate by an aldol
condensation involving acetyl coenzyme A and oxalacetate.
This reaction is not inhibited by 5,5'-dithiobis (2-nitro-
benzoic acid) which reacts with CoA to form a yellow colored
compound, thionitrobenzoic acid. The increase in optical
density, read at 412 millimicra, dependent on the presence
of oxalacetate was proportional to the CoA formed.
Fig. 2 shows the activity of aconitase, the enzyme
which mediates the interconversion of citrate, cis-aconitate
and isocitrate. The activity of this enzyme was measured at
240 millimicra, due to the formation of the double bond in
cis-aconitate.
Fig. 3 shows that endogenously, NAD was not reduced by
the mycelial free extracts. In the presence of added
isocitrate NAD was reduced, demonstrating the presence of
NAD-isocitric dehydrogenase.
Fig. 4 shows the activity of fumarase. This enzyme
catalyzes the interconversion of fumarate and malate. The
activity of this enzyme was measured at 240 millimicra,
due to the formation of the double bond in fumaric acid.
Fig. 5 shows malate dehydrogenase activity. This
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enzyme catalyzes the conversion of malate to oxalacetate.
The activity determination is based on the measurement of
the rate of oxidation of NADPH (decrease in optical density
at 340 millimicra) in the presence of the enzyme and excess
oxalacetate.
Fig. 6 shows the activity of isocitrate lyase. This
enzyme mediates the cleavage of isocitrate into succinate
and glyoxylate. The measurement of activity is dependent
on the increase in optical density at 324 millimicra as a
result of the formation of glyoxylic acid phenylhydrazone.
Fig. 7 shows the activity of malate synthetase, the
enzyme that mediates the formation of malate by the
condensation of glyoxylate and acetyl CoA. The reaction
was terminated by the addition of 5,5'-dithiobis (2-nitro-
benzoic acid) which reacts with CoA to form a yellow
colored compound, thionitrobenzoic acid. The increase in
optical density, read at 412 millimicra, dependent on the
presence of glyoxylate was proportional to the CoA formed.
Attempts to demonstrate alpha-ketoglutaric dehydrogenase
according to Kaufman (1955) were futile.
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Table 1. The effect of various substrates on the oxygen
consumption of intact n^celia of sucrose grown
Neurospora lineolata
Number of Q02/mg protein* in
Substrates experiments % of endogenous
rate (S.E.)
Citric acid 3 102.3 + 7.88
Tri-sodium isocitrate 3 99.7 + 8.99
Alpha-ketoglutaric acid 3 95.0 + 2.51
Succinic acid 3 101.0 + 3.00
Fumaric acid 4 122.4 + 11.51
Monosodium L-malate 3 101.7 + 12.14
Cis-oxalacetic acid 3 103.0 + 16.96
Sodium pyruvate 3 108.3 + 2.68
DL-Alanine 3 132.0 + 10.98
L-Histidine HCL 3 91.7 + 7.43
L-Glutamic acid 4 150.3 + 26.8
L-Aspartic acid 4 127.5 + 19.91
DL-Asparagine 3 107.0 + 4.46
Sodium acetate 4 93.0 + 1.41
Maltose 4 106.0 + 9.85
Sucrose 3 107.0 + 2.62
Table 1 (Continued)
*In 16 experiments the endogenous Q02/mg protein averaged
110.44 + 13.19 (S.E.).
Each Warburg vessel contained 2.5 ml of Westergaard and
Mitchell minimal medivim mycelial suspension pH 6.5; 0.2 ml
10% (w/v) KOH in the center well; 0.5 ml of a 0.12 M
substrate or distilled water in the sidearm. Total volume
3.2 ml. Final concentration of substrate 0.02 M. Temp.
28 C. Gas phase air. Sidearms were tipped at 30 min.
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Table 2. The effect of various substrates on the oxygen
consumption of intact mycelia of acetate grown
Neurospora lineolata
Substrates
Number of Q02/ing protein* in


















3 108.0 + 1.53
3 116.3 + 1.45
3 141.3 + 19.40
3 108.0 + 3.39
3 136.3 + 15.64
3 112.7 + 7.52
3 112.7 + 9.53
3 108.0 _+ 9.60
3 114.0 + 3.30
3 98.7 + 8.46
3 118.7 + 3.93
3 113.0 + 7.44
3 107.7 + 3.21
3 112.3 + 2.18
3 127.7 + 5.26
3 106.7 + 2.32
Table 2 (Continued)
*In 16 experiments the endogenous (302/’^9' protein averaged
100.48 + 11.23 (S.E.).
Assay components and detailed procedures are the same as
Table 1.
Fig. 1. Citrate synthetase activity in mycelial extracts
of Neurospora lineolata. Experimental cuvettes
contained 20 pM potassium phosphate buffer,
pH 7.4, 2 MgCl2 7 0.04 uM acetyl CoA and 1 pM
oxalacetate. Controls contained no substrate.
Temp. 26 + 1 C. Total volume 3.0 ml. After
addition of the enzyme (46.0 ^ug protein) the
changes in absorption (412 millimicra) were
recorded at 30-sec intervals for 3 min.




Pig. 2. Aconitase activity in mycelial extracts of
Neurospora lineolata. Experimental cuvettes
contained 0.05 M potassium phosphate buffer
pH 7.4 and 0.01 M trisodium isocitrate.
Controls contained no substrate. Temp. 26+1 C.
Total volume 3.0 ml. After addition of the
enzyme (60.0 /ag protein) the changes in
absorption (240 millimicra) were recorded at




Fig. 3. NAD-isocitrate dehydrogenase in mycelial extracts
of Neurospora lineolata. Experimental cuvettes
contained 0.025 M sodium phosphate buffer pH
7.5, 0.007 M MgCl2/ 0.006 M trisodium isocitrate
and 0.05 M potassium cyanide. Controls contained
no substrate. Temp. 26 + 1 C. Total volume
3.0 ml. After the addition of the enzyme (4.4 pg
protein) the changes in absorption (340 millimicra)




Pig. 4. Fumarase activity in mycelial extracts of
Neurospora lineolata. Experimental cuvettes
contained 0.05 M potassium phosphate buffer
pH 7.4 and 0.03 M L-malate. Controls contained
no substrate. Temp. 26 + 1 C. Total volume
3.0 ml. After the addition of the enzyme
(15.4 pg protein) the changes in absorption
(240 millimicra) were recorded at 30-sec




Pig. 5. Malate dehydrogenase activity in mycelial extracts
of Neurospora lineolata. Experimental cuvettes
contained 0.007 M oxalacetate, 0.0015 M
nicotinamide adenine dinucleotide, 0.025 M sodium
phosphate buffer pH 7.5. Control contained no
substrate. Temp. 26 + 1 C. Total volume 3.0 ml.
After the addition of the enzyme (5.8 jug protein)
the changes in absorption (340 millimicra) were
recorded at 15-sec intervals for 3 min.





Fig. 6. Isocitrate lyase activity in mycelial extracts
of Neurospora lineolata. Experimental cuvettes
contained 0.05 M potassium phosphate buffer
pH 7.4, 15 pM MgCl2/ 10 pM phenylhydrazine HCL,
6 pM cysteine HCL and 15 pM DL-isocitrate.
Control contained no substrate. Temp. 26 + 1 C.
Total volume 3.0 ml. After addition of the
enzyme (4.4 pg protein) the changes in absorption
(324 millimicra) were recorded at 30-sec




Fig. 7. Malate synthetase activity in mycelial extracts
of Neurospora lineolata. Experimental cuvettes
contained 20 potassium phosphate buffer,
pH 7.4, 2 ;uM MgCl2, 0.04 ;iM acetyl CoA, 1 ;aM
glyoxylate and 0.5 ^ 5,5'-dithiobis (2-nitro-
benzoic acid). Control contained no substrate.
Temp. 26 1 C. Total volume 3.0 ml. After
the addition of the enzyme (46.0 ;ug protein) the
changes in absorption (412 millimicra) were
recorded at 30-sec intervals for 3 min. -0-0-,






A comparison of data in Tables 1 and 2 suggests a
difference in permeability characteristics of mycelia grown
on sucrose or acetate, and also suggests that different
metabolic pathways may be induced by different environmental
circumstances.
Respirometric studies (Table 1) do not present strong
evidence for or against the tricarboxylic acid cycle as an
oxidative metabolic route in sucrose grown mycelia, since
in these mycelia, only fumaric acid and amino acids (alanine,
glutamic acid and aspartic acid) were stimulatory.
Respirometric studies with acetate grown mycelia
(Table 2) yield a completely different picture. These
mycelia oxidized, citric acid, isocitrate, alpha-ketoglutaric
acid, fumaric acid, amino acids (alanine, glutamic and
aspartic acid), maltose and sodium acetate presenting
substantial evidence for the existence of an operative
tricarboxylic acid cycle.
The results of the above studies were informative,
but failed to give conclusive evidence of a functional
tricarboxylic acid cycle or glyoxylate shunt metabolic
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pathways in Neurospora lineolata. Therefore, experiments
designed to demonstrate the enzymes involved in the
tricarboxylic acid cycle and associated pathways were
attempted.
Citrate synthetase (Fig. 1) was found in the mycelial
extracts. Demonstration of this enzyme is significant since
it is generally functional where aerobic pathways occur.
Four tricarboxylic acid cycle enzymes were demonstrated
in mycelial free extracts. These included aconitase (Fig. 2),
NAD-isocitrate dehydrogenase (Fig. 3), fumarase (Fig. 4) and
malate dehydrogenase (Fig. 5); the presence of which
questionably supports a functional tricarboxylic acid cycle.
Although attempts to demonstrate an alpha-ketoglutaric
dehydrogenase system were futile in sucrose grown mycelia,
the oxidation of alpha-ketoglutaric acid by acetate grown
mycelia indicates the presence of an enzymatic system lending
to the oxidation of this compound.
Kornberg (1959) reported that aconitase, condensing
enzyme (citrate synthetase), and malic dehydrogenase along
with the "key glyoxylate enzymes" form a cyclic system
called the glyoxylate shunt.
Ajl (1958) has stated, “organisms which grow on
acetate as the sole carbon source must possess mechanisms
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in addition to the tricarboxylic acid cycle for converting
acetate into a four-carbon dicarboxylic acid to initiate
the cycle." Three metabolic pathways leading to the formation
of dicarboxylic acids from acetate have been reported:
condensation of a C2 compound and CO2 to form a C3 unit
which could be converted to by another CO2 fixation; the
Thunberg-Knoop dicarboxylic acid cycle; and the glyoxylate
cycle. Kornberg (1959) critically summarized the evidence
for each pathway and ruled out all except the glyoxylate
cycle as a major metabolic pathway in organisms growing
with acetate as the sole carbon source.
Malate synthetase and isocitrate lyase, called the
"key glyoxylate enzymes" by Kornberg (1959) were demonstrated
in the mycelial free extracts. This is evidence of an
operative tricarboxylic acid cycle by-pass since all of
the participating enzymes are present.
The demonstrated enzymes and the respirometric studies
favor the conclusion that the tricarboxylic cycle and/or
glyoxylate shunt mechanism, and the functioning of these
metabolic routes vary according to environmental situations.
However, the evidence does support the conclusion that
aerobic metabolic pathways occur or exist in Neurospora
lineolata. To determine which is the major pathway.
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alpha-ketoglutaric and succinic dehydrogenase should be
demonstrated.
The results obtained in this investigation have opened




1. Oxygen consumption was measured by the direct method
of Warburg.
2. Fumaric acid, alanine, glutamic acid and aspartic acid
stimulated the oxygen consumption of sucrose grown
mycelia of Neurospora lineolata at pH 6.5.
3. Citric acid, isocitrate, alpha-ketoglutaric acid, fumaric
acid, alanine, glutamic acid, aspartic acid, sodium
acetate and maltose stimulated oxygen consumption of
acetate grown mycelia of Neurospora lineolata at pH 6.5.
4. Citrate synthetase, aconitase, NAD-isocitrate
dehydrogenase, malate dehydrogenase, fumarase, isocitrate
lyase and malate synthetase were demonstrated in mycelial
free extracts of sucrose grown Neurospora lineolata.
5. The results suggest the operation of the tricarboxylic
acid cycle and/or glyoxylate shunt mechanisms in
Neurospora lineolata, and that different metabolic
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